The conventional view of the pathogenesis of acute and chronic pancreatitis is that it is due to a genetic-or environmentbased abnormality of intracellular acinar trypsinogen activation and thus to the induction of acinar cell injury that, in turn, sets in motion an intra-pancreatic inflammatory process. More recent studies, reviewed here, present strong evidence that while such trypsinogen activation is likely a necessary first step in the inflammatory cascade underlying pancreatitis, sustained pancreatic inflammation is dependent on damage-associated molecular patterns-mediated cytokine activation causing the translocation of commensal (gut) organisms into the circulation and their induction of innate immune responses in acinar cells. Quite unexpectedly, these recent studies reveal that the innate responses involve activation of responses by an innate factor, nucleotide-binding oligomerization domain 1 (NOD1), and that such NOD1 responses have a critical role in the activation/production of nuclear factor-kappa B and type I interferon. In addition, they reveal that chronic inflammation and its accompanying fibrosis are dependent on the generation of IL-33 by injured acinar cells and its downstream induction of Tcells producing IL-13. These recent studies thus establish that pancreatitis is quite a unique form of inflammation and one susceptible to newer, more innovative therapy.
INTRODUCTION
Pancreatitis is a major inflammatory disease of the gastrointestinal tract and one that has so far been resistant to specific treatment. [1] [2] [3] [4] It manifests as an acute or chronic disease, each displaying some overlapping and some unique characteristics: the acute form is a new-onset inflammation occurring in a previously uninflamed pancreas that may resolve before causing permanent damage to the pancreas; in contrast, the chronic form is an ongoing pancreatic inflammation in which the underlying inflammation similar to that driving the acute disease is accompanied by processes leading to pancreatic atrophy and fibrosis. 2, 5 Over the past two decades, a great deal has been learned concerning its pathogenesis, particularly the role of inappropriate trypsinogen activation in the initiation of the inflammatory process. This has been well-discussed in several current reviews and therefore will be only summarized here. 6, 7 Until recently, however, the relation of pancreatitis to the gut microbiome and to related factors that drive the pathological immunological response has been shrouded in mystery. In this review, we will focus on this aspect of pancreatitis pathogenesis and try to establish the thesis that innate immune responses are an integral part of the pathogenesis of pancreatitis.
TRYPSINOGEN ACTIVATION AND PANCREATITIS
The most widely held understanding of the pathogenesis of pancreatitis is that it is an inflammation initiated and/or sustained by a disturbance in pancreatic acinar cell control of pancreatic digestive enzymes. [1] [2] [3] [4] [6] [7] [8] To understand how this may be the case it is important to know that digestive enzymes synthesized in pancreatic acinar cells are normally maintained in an inactive form (i.e., as zymogens such as trypsinogen) while in the acinar cells and in the draining ducts and are converted to an active form (such as trypsin) only upon entry into the gut lumen by enterokinase or trypsin itself. [6] [7] [8] [9] Thus, factors that cause premature intra-acinar cell activation of the inactive enzymes have the potential of causing auto-digestion of acinar cells and ensuing events that cause sustained pancreatic inflammation. Several mechanisms of such premature and inappropriate activation of normally inactive zymogens have been put forward and include trypsinogen autoactivation, activation of trypsinogen by lysosomal hydrolase cathepsin B (CatB) caused by shifting of trypsinogen into cellular compartments rich in proteases (lysosomes) and imbalances between degrading and activating acinar cell cathepsins. It should also be noted that activation of pancreatic proteases requires the presence of increased intracellular calcium concentrations; thus, disturbances in such concentrations could be a contributing cause of pancreatitis. [6] [7] [8] [9] This ''enzyme (trypsin) activation-centered'' view of the pathogenesis of pancreatitis derives strong support from studies of genetic defects in humans that pre-dispose individuals to the development of pancreatitis. 10 For example, various mutations in the gene encoding cationic trypsinogen, the main form of trypsinogen subject to activation after secretion (the protease serine 1 (PRSS1) gene) cause an autosomal dominant susceptibility to acute and chronic pancreatitis because these mutations render the molecule more susceptible to activation or less able to undergo intracellular autolysis. 10 Similarly, mutations in the gene encoding an inhibitor of activated trypsin that is normally present within the acinar cell (the serine protease inhibitor, Kazal type I (SPINK1) gene) that renders the inhibitor incapable of inhibition cause an autosomal recessive susceptibility to pancreatitis. 10 Additional support for the concept that inappropriate trypsinogen activation initiates pancreatitis comes from studies of experimental models of pancreatitis. The most widely studied of such models is the pancreatitis induced in mice by administration of ''supra-maximal'' amounts of the pancreatic secretagogue, cholecystokinin (CCK) or, more commonly, by administration of the CCK analog, cerulein. The reason why pancreatitis is caused by high doses of CCK/cerulein (and not physiological doses) is somewhat unclear. However, there is evidence that high-dose CCK/cerulein stimulation causes activation of acinar cells via low-affinity CCK receptors rather than high-affinity receptors and this form of activation has the effect of causing intracellular ultra-structural changes that result in inhibition of acinar cell secretion. 8 This, in turn, results in the rapid accumulation of trypsinogen within acinar cells and exposure of accumulated trypsinogen to factors that result in trypsinogen activation. 8 As indicated by the fact that inhibition or deletion of CatB leads to greatly reduced cerulein-induced pancreatitis, one possible trypsinogen activating factor is the co-localization of zymogen granules with an activating CatB. 8 A challenge to the concept that trypsinogen activation within acinar cells is a key initiating event in cerulein-induced pancreatitis (i.e., in pancreatitis in general) comes from recent studies showing that mice in whom there is deletion in T7 isoform of trypsinogen (the form of trypsinogen equivalent to ''cationic trypsinogen'' that has been implicated in acinar cell destruction and pancreatitis in humans) exhibit absence of trypsinogen or chymotrypsin activation and a 50% reduction in acinar cell necrosis following initiation of cerulein-induced pancreatitis. Nevertheless, these mice exhibited similar levels of pancreatitis and lung inflammation as assessed by neutrophil infiltration and pancreatic histology. 11 Moreover, in additional studies in which mice were given repeated doses of cerulein over many weeks to induce chronic pancreatitis, absence of T7 trypsinogen again had no effect on the development of ceruleininduced chronic pancreatitis. 12 In both the studies of acute and chronic pancreatitis, T7-deletion was associated with lack of cerulein-induced chymotrypsin and elastase generation so that the effect of T7-deletion was apparently not being compensated by increases in the activation of these zymogens. Finally, whereas both acute and chronic cerulein-induced pancreatitis occurred in mice lacking cationic trypsin, these inflammations were accompanied by the early appearance of nuclear factorkappa B (NF-kB) in acinar cells. This, in turn, implied that induction of a trypsinogen activation-independent inflammatory response was the paramount initiator of pancreatitis.
The overall conclusion drawn from these findings was that whereas early pancreatic injury and inflammation could conceivably occur as a result of trypsinogen activation, both acute and chronic pancreatitis can and does proceed in the absence of such activation. The weakness of this conclusion lies in the fact that deletion of T7 trypsinogen leaves intact the expression of other forms of trypsinogen that can also undergo autoactivation and thus cause pancreatitis in mice if not in humans. 13 Thus, while in vitro acinar cell necrosis resulting from exposure to super-maximal CCKR stimulation was shown to be dependent on T7 trypsinogen, in vivo acinar cell necrosis induced by cerulein occurred in the absence of T7 trypsinogen, albeit to a reduced extent, presumably due to activation of other trypsinogen isoforms that occurs in vivo.
11 On this basis, these studies of T7 trypsinogen deletion do not negate the idea that experimental pancreatitis is initiated if not sustained by dysregulation of trypsinogen activation; on the contrary, this idea still holds as does the concept that experimental pancreatitis mimics human pancreatitis where evidence that abnormalities of trypsinogen activation is a primary cause of pancreatitis is buttressed by genetic studies.
A second set of findings raising a question concerning the trypsin-centered concept of pancreatitis development comes from a recent study showing that genetically engineered mice in whom one can induce activation of trypsinogen in acinar cells in the absence of cerulein stimulation do in fact develop acute pancreatitis associated with acinar cell apoptosis and necrosis. 14 However, in this case trypsinogen activation did not lead to sustained pancreatitis. These findings thus suggest that whereas intracellular trypsinogen activation is dispensable for the development of cerulein-induced pancreatitis as indicated by the T7-deletion studies above, such activation can nevertheless be an initiating cause of pancreatitis. Thus, while they dispute the T7-deletion studies by showing that inappropriate trypsinogen activation can indeed induce acute pancreatitis, they support the T7-deletion studies by showing that other changes in the acinar cells induced by supra-maximal cerulein-mediated CCKR stimulation are necessary to induce a sustained inflammation. 15 Of particular interest is the relation of trypsinogen activation to the ingestion of alcohol since excess alcohol consumption is one of the leading causes of pancreatitis in humans. 5 However, it is difficult to induce pancreatitis in experimental animals by administration of alcohol alone and it is thus likely that alcohol is not a primary cause of pancreatitis, but rather a secondary cause that potentiates other pancreatitis inducing factors (at least in rodents). 7 One possibility in this context is the known ability of alcohol (i.e., ethanol) to cause increased viscosity of pancreatic secretions and thus to favor obstruction to pancreatic outflow, a feature of cerulein-induced pancreatitis. The second possibility is that alcohol consumption causes increased gut permeability and the penetration of bacteria and/ or bacterial products into the circulation; as discussed more fully below, this results in increased exposure of acinar cells to gut bacterial components and the activation of the NLRP3 (NOD-like receptor family pyrin domain containing-3) inflammasome due to signaling via toll-like receptor 4 (TLR4). 16 This idea is fully supported by the clinical observation that plasma concentrations of endotoxin are elevated in patients with alcoholic-related diseases. 17 The final and perhaps the most important possibility relates to the capacity of ethanol to enhance CCK activation of NF-kB via phosphorylation of protein kinase C (PKC). 18 This last mechanism suggests that ethanol has a direct role in the stimulation of a key signaling pathway necessary to the induction of pancreatic inflammation.
Cigarette smoking is another risk factor for acute and chronic pancreatitis and one that appears to potentiate the effect of alcohol. 19 The mechanisms underlying this association are poorly understood and likely to be multifactorial, reflecting the fact that cigarette smoke contains many factors that might affect a number of aspects of pancreatic inflammation.
AUTOPHAGY AND PANCREATITIS
Autophagy is an essential cellular process through which longlived proteins and cytoplasmic organelles are degraded and used for recycling. 20 In this process, targeted proteins become entrapped in double-membrane autophagic vacuoles and are then subjected to proteolytic digestion when the autophagic vacuoles are fused with lysosomes. 20 Given the fact that pancreatitis is marked by acinar cells in which proteolytic enzymes normally sequestered in protective granules are released into the cytoplasm it was reasonable to assume that defective autophagic function is an important, even primary, cause of pancreatitis (see reviews by Gukovskaya and Gukovsky). 21, 22 The most compelling evidence in support of this concept comes from studies of mice with specific deletions of key autophagy genes such as that of Diakopoulos et al. who showed that mice with pancreas-specific autophagyrelated 5 (ATG5) deficiency, develop chronic pancreatitis accompanied by acinar cells showing evidence of endoplasmic reticulum stress. 23 Likewise, Antonucci et al., 24 showed that mice with pancreatic epithelial cell loss of ATG7, develop chronic pancreatitis and extensive fibrosis, also associated with endoplasmic reticulum stress. Finally, in related studies it was shown by Li et al. 25 that mice deficient in IkB kinase a (IKKa) develop spontaneous chronic pancreatitis and display elevated levels of acinar cell trypsinogen due to defective degradation of proteins in autophagic vesicles. These pathological changes as well as the presence of enhanced oxidative and endoplasmic reticulum stress were thought to be due to accumulation of protein aggregates dependent on p62, a protein normally cleared by autophagy, since ablation of p62 partially reversed changes due to IKKa deletion. The mechanism of the effect of IKKa deletion on autophagy was somewhat unclear but since IKKa binds to ATG16L2, defective function of this autophagy protein may be the cause of the defective autophagy. 23, 25 Since deletion of autophagy genes does not occur in human pancreatitis, or even most forms of murine experimental pancreatitis, one must look elsewhere to implicate an autophagy defect in pancreatic inflammation. This could come from autophagic defects arising from abnormalities affecting fusion of lysosomes with autophagosomes or from inhibition of proteolytic degradation of proteins in fused autophagocytic-lysosomal vacuoles. 21 Relating to the first of these possibilities, Fortunato et al., reported that pancreatitis was accompanied by abnormalities in the function of lysosomal associated membrane protein 2 (LAMP2), a protein necessary for the completion of autophagosome-lysosome fusion. These investigators showed that rats subjected to alcohol and lipopolysaccharide (LPS) exposure display impaired autophagic vacuole-lysosome fusion due to the depletion of LAMP2 in pancreatic acinar cells and thus decreased autophagic protein degradation. 26 These findings are supported by those of Mareninova et al. who showed more recently that mice deficient in LAMP2 are subject to the spontaneous pancreatitis marked by impaired autophagy. 27 In addition, they are supported by studies in humans that showed reduced expression of LAMP-2 in pancreatic tissue of patients with pancreatitis.
The second of the above possibilities, namely defective degradation of autophagosomal contents, is also reported to be involved in the development of pancreatitis. 28 Thus, Mareninova et al. found that autophagosome size and number were greatly increased in pancreatic acinar cells of rats with pancreatitis induced by cerulein or arginine compared with acinar cells of rats subjected to starvation and, furthermore, this was due to greatly decreased protein degradation as compared with starved cells. 28 In additon, Mareninova et al. found that cathepsin L (CatL) activity, an enzyme that inhibits trypsin activity by degrading both trypsinogen and trypsin, is impaired in mice with pancreatitis whereas cathepsin B (CatB), an enzyme that converts trypsinogen to trypsin is less impaired. Thus, an imbalance between CatL activity and CatB activity was suggested to be one of the mechanisms by which impaired autophagy contributes to pancreatitis.
Despite these various studies of abnormal autophagy in pancreatitis it remains unclear that this process has a primary role in this form of inflammation. The fact that genetic defects of autophagy components caused by gene deletion can lead to pancreatitis in itself may simply reflect that fact that normal pancreatic cell generation of trypsin requires efficient clearance of non-secreted active enzyme by an autophagic mechanism and pancreatitis ensues in the absence of this mechanism. Alternatively, defects in autophagy may be a secondary effect of the pancreatitis. This could be a consequence of a pancreatitisinduced effect on cathepsin enzymes or other intracellular factors that may impair autophagic function. In support of this possibility, Mareninova et al. have shown that CatB causes cleavage of LAMP 27 and it is thus possible that generation of CatB as a result of a pancreatitis inducer (see discussion above)
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has an inhibitory effect of autophagic function. It is important to note, however, that even if an autophagy defect is a secondary consequence of pancreatitis it may have a significant ability to aggravate a primary defect since the need to clear increased trypsin generated by the pathological process becomes more critical in the face of a primary defect.
NECROPTOSIS AND PANCREATITIS
A major feature of pancreatitis, pancreatic acinar cell death, can conceivably occur as a result of apoptosis or necroptosis (programed necrosis). To some extent which of these death processes is operative may be species-dependent since in the rat model of cerulein-induced pancreatitis apoptosis is the dominant cell death process, whereas in the corresponding mouse model, necrosis is the dominant process. 29 These unexpected species differences are likely related to the fact that the molecular processes underlying apoptosis and necrosis are different but related. Under pathological conditions apoptosis is most often mediated by tumor necrosis factor-alpha (TNF-a) activation of TNF receptor type 1-associated death domain protein (TRADD)/ Fas-associated protein with death domain (FADD) or receptor-interacting protein kinase 1 (RIP1)/RIP3 followed by activation of caspase-8, the actual ''executioner'' molecule. 30 In some contrast, necroptosis is mediated by TNF-a activation of RIP1/RIP3 followed by RIP3 binding to and activation of MLKL (mixed lineage kinase domain-like), a newly defined executioner molecule. 31 Various stimuli that cause the generation of TNF-a or, alternatively, TLR3 or TLR4 signaling can result in necroptosis, but the circumstances under which this mechanism of cell death occurs rather than apoptosis remains to be clarified. Since caspase-8 inhibits necroptosis, one possibility is that necroptosis occurs when caspase-8 is not generated or is inactivated; alternatively, it is possible that necroptosis occurs when RIP3 is highly activated, since this kinase is uniquely involved in necroptosis. In line with these possibilities, caspases are activated and RIP is cleaved in rat cerulein pancreatitis whereas an endogenous inhibitor of caspases (XIAP) undergoes degradation in this model. 29 In contrast, caspase induction in the mouse cerulein model leads to increased apoptosis and decreased necrosis. Thus, caspase and RIP levels (or state of activation) seem to determine whether acinar cell death in cerulein pancreatitis is predominantly mediated by apoptosis or necrosis. 29 In more recent studies of acinar cell death in cerulein pancreatitis in mice, it has been shown that mice with deletions of RIP3 or MLKL are highly resistant to cerulein pancreatitis. 32, 33 These findings provide further verification that acinar cell death in murine cerulein pancreatitis is mediated by necroptosis rather than by apoptosis. Whether a similar situation obtains in other forms of murine experimental pancreatitis or in human pancreatitis remains to be seen. This is not a trivial question since the form of cell death occurring in pancreatitis could determine a unique approach to the treatment of the disease. It should be noted, however, that both forms of cell death are initiated by TNF-a, indicating that generation of this cytokine during the inflammation can mediate either apoptosis or necroptosis and in this sense, pancreatitis in different species and in different models may be similar.
Recently it has been shown that necroptosis is also involved in pancreatic oncogenesis in that expression of RIP1 and RIP3 is elevated in human pancreatic ductal adenocarcinoma and inhibition/deletion of these components lead to decreased tumor progression. 34 This may relate to the fact that RIP1/ RIP3-induced necroptosis induces CXCL1 production and SAP130 activation of Mincle, which then leads to the accumulation of myeloid-derived suppressor cells and Mincle-stimulated dendritic cells in the tumor environment that suppress T cells with anti-tumor activity. Whether this complex mechanism influences pancreatitis progression is currently unknown.
INITIATION OF INFLAMMATION IN PANCREATITIS BY STIMULATION OF INNATE IMMUNE RESPONSES BY DAMAGE-ASSOCIATED MOLECULAR PATTERNS (DAMPS) AND NEUTROPHIL-EXTRACELLULAR TRAPS (NETS)
Given the fact that the uninflamed pancreas is a sterile organ, the initial cellular injury (as discussed above, most likely triggered by pathological trypsinogen activation) occurs in an aseptic environment ( Figure 1) . Studies of the inflammation nevertheless strongly suggest that it is likely to result from the release of damage-associated molecular patterns (DAMPs) from dying pancreatic acinar cells that then induce inflammation mediated by activation of PRRs (pattern recognition receptors) of the innate immune system. 35 Various kinds of DAMPs, including high-mobility group box protein 1 (HMGB1), self-DNA, nucleosomes (DNA coiled around histone octamers) and adenosine triphosphate have in fact been identified as pancreatitis-associated ''danger signals'' (i.e., DAMPs) in human and experimental pancreatitis. 36, 37 Of these, HMGB1 is of particular interest since Yasuda et al., reported markedly elevated levels of this DAMP in both animals and patients with acute pancreatitis 38, 39 and Sawa et al., 40 reported attenuation of experimental pancreatitis is achieved by administration of neutralizing antibodies to HMGB1. It should be noted, however, that intracellular HMGB1 inhibits inflammatory nucleosome release (see discussion below) and may have an inhibitory effect on pancreatitis as an intracellular protein. 37 Hoque et al. have elucidated a possible molecular mechanism mediated by DAMPs-PRR interaction in cerulein-induced pancreatitis. These authors showed that during the early phase of cerulein-induced pancreatitis, self-DNA released from the dying acinar cells activates pancreatic macrophage TLR9, an endosome-linked PRR responsive to bacterial CpG DNA and self-DNA. 35, 41, 42 In parallel with this event, released adenosine triphosphate induces the activation of P 2 X 7 , a purinergic receptor, which then acts in concert with TLR9 activation to trigger the activation of the NLRP3 inflammasome and the conversion of the pro-IL-1b to mature IL-1b.
Very recently, a DAMP-PRR interaction in pancreatitis involving the AIM2 (absent in melanoma 2) inflammasome has been reported. In this case, the stimulating DAMPs were nucleosomes mentioned above as possible pro-inflammatory DAMPs in pancreatitis. In the relevant studies, Kang et al. 43 provided evidence that nucleosome stimulated the AIM2 inflammasome (and IL-1b production) but that such stimulation required dsRNA-activated protein kinase phosphorylation mediated by RAGE (receptor for advance glycation end products). In addition, they found that both AIM2-and RAGE-deficient mice exhibit reduced L-arginineinduced pancreatitis as well as reduced IL-1b and HMGB1 expression, the latter an inflammasome product, under these circumstances.
Another factor contributing to the initial inflammation of pancreatitis relates to the observation discussed above that stimulation of the innate immune system by DAMPs results in inflammasome activation and the release of IL-1b, the latter a potent neutrophil chemotactic factor via its upregulation of leukocyte adhesion molecules. 44 This observation introduced the possibility that the early neutrophil infiltration characteristic of pancreatitis is both a result and cause of initial pancreatic inflammation.
Initial evidence for the latter possibility came from studies showing that neutrophil infiltration of the pancreas following pancreatitis induction is an early phenomenon and that such Figure 1 Initiating events in the induction of pancreatitis: acinar cell injury and release of DAMPs.This figure depicts the initiating events that result in pancreatitis. A variety of factors, most notably CCKR hyper-stimulation caused in one experimental model by cerulein and perhaps in humans by excessive ethanol ingestion leads via PKC signaling to dysregulation of intracellular acinar proteases and the generation of trypsin from trypsinogen. This causes acinar cell injury and release of DAMPs such as host dsDNA and HMGB1 that then induce APCs in the vicinity of the acinar cells via various TLRs and NLRP3 to produce a mixture of pro-inflammatory cytokines. An important consequence of such release is the induction of changes in intestinal permeability and the translocation of gut commensal microflora into the circulation, where the latter stimulates acinar cells via TLR4 and NOD1. TLR4 signaling leads to the activation of the NLRP3 inflammasome and the production of caspase 1 and IL-1b. NOD1 signaling in cooperation with CCKR signaling results in the activation of NF-kB, TNF-a, and type I IFN factors that sustain the inflammation as shown in Figure 2 . Another early feature of pancreatitis is the migration of neutrophils into the pancreas, where they enhance trypsinogen activation and cell damage either directly or indirectly via the generation of NETs. APCs, antigen-presenting cells; CCKR, cholecystokinin receptor; DAMPs, damage-associated molecular patterns; dsDNA, double-stranded host DNA; NETs, neutrophil extracellular traps; NF-kB, nuclear factor-kappa B; NLRP3, NOD-like receptor family pyrin domain containing-3; NOD1, nucleotide-binding oligomerization domain 1; PKC, protein kinase C; TLRs, toll-like receptors.
infiltration results in trypsinogen activation. 45, 46 Insight into the mechanism of such neutrophil-mediated trypsinogen activation came from subsequent studies showing that taurocholate induction of acute pancreatitis in mice induces formation of extracellular fibrillar and web-like structures, which disappear with treatment with DNase. 47 Such structures were highly reminiscent of neutrophil-extracellular traps (NETs), web-like structures composed of extracellular DNA, chromatin, molecules derived from granules 48, 49 and it was thus apparent that neutrophil-derived NETs might be causing trypsinogen activation. Evidence for this possibility has come from the observation that inhibition of NETs formation by the administration of DNase protects mice from pancreatitis induced by taurocholate or L-arginine. Moreover, plasma levels of DNA-histone complexes, i.e., NETs elements, are markedly elevated in patients with acute pancreatitis. Finally, Merza et al. have shown that NETs released from neutrophils are potent in vitro activators of trypsinogen in acinar cells. Taken together, these results suggest that initial pancreas injury caused by trypsinogen activation induces the migration of neutrophils into the pancreas and this in turn causes further trypsinogen activation via generation of NETs.
The acinar cell death resulting from the release of DAMPs in the early stages of pancreatitis discussed above is a prelude to the translocation of commensal organisms into the circulation and their subsequent stimulation of innate immune responses in acinar cells that sustain the inflammation, as discussed below. An interesting side-light to this phenomenon is the fact that dendritic cells might serve as a break on this phenomenon via their capacity to clear cellular necrotic debris. This is suggested by the fact that depletion of DCs results in intensification of experimental pancreatitis and decreased acinar cell viability. 50 
INVOLVEMENT OF MICROBE-ASSOCIATED MOLECULAR PATTERNS (MAMPS) AND PATHOGEN RECOGNITION RECEPTORS (PRRS) IN PANCREATITIS
So far in our discussion of the pathogenesis of pancreatitis we have been concerned mainly with early intra-acinar cell events that are involved in the initiation of inflammation (although these events may be persistent and contribute to ongoing inflammation as well) (Figure 1) . However, pancreatitis is unique in that the inflammation leads rapidly to changes in the permeability of the bowel wall that allow translocation of intraluminal bacteria into the circulation and therefore the exposure of acinar cells to pro-inflammatory effects of organisms in the gut microbiome. 51 As we shall see, this may be the major driving force of pancreatic inflammation after its initiation.
The first hint that this is in fact the case came from clinical studies which showed that severe pancreatitis can lead to local and extra-pancreatic complications such as pancreatic necrosis or systemic inflammatory response syndrome or multiple organ dysfunction syndrome, 1, 5, 51, 52 which were shown to be manifestations of pancreatitis largely due to invasion of pancreatic tissue by gut organisms and subsequent dissemination of the latter to distant organs and/or endotoxemia. 51 Studies of the types of organisms involved were sporadic and incomplete until Li et al. 53 conducted a comprehensive study of bacterial invasion in pancreatitis using 16S rRNA-based technology. They found that polymicrobial bacterial DNA can be detected in the circulation of almost 70% of patients with pancreatitis and this percentage increased with increased disease severity. Most of the organisms were similar to those found in the gastrointestinal tract and therefore had probably originated in the bowel lumen; in addition, while in most cases these bacteria consisted of commensal organisms, at least in some instances, organisms considered to be pathogens were also found. It is presumably the latter that account for the more severe complications of bacterial invasion in pancreatitis such as pancreatic necrosis. Although these studies highlight the prevalence of bacterial translocation from the bowel during pancreatitis, they provide no insight into the mechanism of the altered bowel permeability allowing such translocation. Indeed, the mechanism involved is poorly understood although it may involve the release of unique pancreatitis-specific cytokines that affect gut permeability that are not generated in other forms of gut inflammation.
The high rate at which bacteria are found in the circulation of patients with pancreatitis suggest that these bacteria could have a role in disease pathogenesis that transcends their capacity to cause local and systemic infections in a minority of patients. This concept is supported by findings in several animal studies. First, enteric bacteria have been detected in the mesenteric lymph nodes and the translocation of fluorescent beads having the size of bacteria into the pancreas via the peritoneum has been seen upon induction of experimental pancreatitis. [54] [55] [56] Second, experimental pancreatitis is in fact accompanied by increased intestinal permeability. 57 Third and finally, bowel sterilization via antibiotic treatment reduces pancreatic inflammation, infection, and mortality in various experimental pancreatitis models. [58] [59] [60] [61] More definitive support for the role of translocated bowel organisms in the pathogenesis of pancreatitis comes from recent studies showing that such translocation is necessary for the development of cerulein-induced pancreatitis. Thus, as shown by Tsuji et al., 58 antibiotic-induced bowel sterilization rendered mice virtually completely resistant to ceruleininduced pancreatitis but such resistance was negated when the bowel sterilization was accompanied by oral administration of a commensal Escherichia coli expressing LacZ (ECLACZ) that was resistant to the antibiotics in the bowel sterilization regimen. Thus, colonizaton of the gut with a commensal organism was both necessary and sufficient for the induction of cerulein pancreatitis.
These studies of the role of the gut microflora in pancreatitis intermesh with studies examining the role of bacteriaassociated MAMPs and their capacity to stimulate PRRs such as TLRs and nucleotide-binding domain and leucine-rich repeat-containing receptors (NLRs) in the induction of experimental pancreatic inflammation. 42, 62, 63 Studies of the role of TLR4, the prototypical PRR that responds to LPS derived from Gram-negative bacteria, was the first PRR to be studied. 42 
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It was found that mice deficient in TLR4 are partially protected from acute cerulein-induced pancreatitis 64 and severe lung injury associated with pancreatitis is induced by combined treatment of cerulein and LPS as compared with cerulein alone. 65 As alluded to above, the possible role of TLR4 in causation of pancreatitis has been highlighted in studies of ethanol-induced pancreas injury. 16 The theory is that an ethanol-induced leaky gut syndrome leads to bacterial translocation into the circulation, followed by sensing of LPS by TLR4 expressed in pancreatic acinar cells and activation of the NLRP3 inflammasome. The resulting production of mature IL-1b then aggravates gut permeability changes and contributes to other aspects of pancreatitic inflammation. Interestingly, a polymorphism in the TLR4 gene has been identified as a susceptible factor for acute pancreatitis. 66 This raises the question of whether abnormalities of TLR4 structure or level of expression can enhance TLR4-mediated proinflammatory responses leading to pancreatitis in certain individuals.
More impressive studies of the role of a PRR in pancreatitis are those evaluating the role of NOD1 in pancreatitis pathogenesis. 58, 67 NOD1 was originally characterized as a cytosolic PRR that detects small peptide components derived from bacterial peptidoglycan associated with gut pathogens. 63 As such, NOD1 was shown to have a protective role in mucosal host defense against various kinds of pathogenic organisms such as Shigella flexneri, pathogenic E. coli, and Helicobacter pylori. [68] [69] [70] [71] In later studies, however, it was established that NOD1 is also capable of reacting to peptidoglycan components derived from commensal organisms. This was shown first by the fact that sensing of commensal organisms by NOD1 is required for lymphoid tissue organogenesis. 72 More importantly to the present discussion, it was more recently shown that NOD1 expression on acinar cells and subsequent interactions between NOD1 at this site with commensal organisms is essential to the development of cerulein-induced pancreatitis in that NOD1-deficient mice are almost completely resistant to the induction of this pancreatitis. 58 The role of bacterial translocation in experimental pancreatitis was further explored in a model of cerulein-induced pancreatitis in which pancreatitis was induced by administration of a low dose of cerulein (that does not itself induce pancreatitis yet is still capable of acinar cell signaling) and FK156, a ligand and activator of NOD1 that also does not itself induce pancreatitis. 58, 67 This form of cerulein-induced pancreatitis, termed low-dose cerulein pancreatitis was developed to clearly differentiate the respective roles of NOD1 signaling and CCKR signaling in the pathogenesis of the pancreatitis, as will be discussed in more detail below. Using this model, it could be shown that although IP injection of ECLACZ or lowdose cerulein alone (to mice sterilized by antibiotic treatment) does not cause pancreatitis, administration of both of these factors does cause pancreatitis and that the latter is at least partially dependent on the presence of NOD1. Thus, in this low-dose cerulein model, the NOD1 activation by FK156 is taking the place of translocated bacteria expressing a NOD1 ligand. Finally, in studies addressing bacterial translocation in low-dose cerulein pancreatitis, it could be shown that the level of bacteremia was relatively low in mice treated with low-dose cerulein alone and relatively high in mice treated with both lowdose cerulein and FK156; thus a high level of bacteremia (due to bacterial translocation) requires the initiation of pancreatitis. In further studies addressing the same question, mice with bowel sterilization administered increasing oral doses of ECLACZ and then subjected to low-dose cerulein and FK156 administration exhibited a level of pancreatitis proportional to the ECLACZ dose. This suggested that whereas initiation of lowdose cerulein pancreatitis requires both low-dose cerulein and NOD1 ligand, the pancreatitis is ultimately sustained by the bacterial translocation and de novo NOD1 activation caused by the initiated pancreatitis.
Taken together, these results definitively establish that while pancreatic inflammation may be initially triggered by intraacinar events such as trypsinogen activation, it ultimately depends on subsequent immune responses induced by the activation of components of the innate immune system, notably NOD1.
ACTIVATION OF NF-KB IN PANCREATITIS
In the knowledge that innate immune responses at least in part involving NOD1 activation are necessary for induction of cerulein-induced pancreatitis as discussed above and that such activation may lead to NF-kB activation, one might assume that NF-kB activation is a central feature of pancreatic inflammation as it is in the case of other major inflammatory diseases. A host of evidence fully supports this conjecture (Figure 2) . First, it has been shown that administration of cerulein at doses causing pancreatitis leads to activation of pancreatic NF-kB and that such activation is accompanied by nuclear translocation of p65, p50, and p52 in both gel-shift assays and in immunoblotting studies. [73] [74] [75] [76] Second, this activation occurs pari passu with the transcription and release of NF-kB pro-inflammatory target genes such as TNF-a and monocyte chemotactic protein-1 (MCP-1), indicating that NF-kB activation is leading to the synthesis of a host of pro-inflammatory factors that have the potential to drive various aspects of the pancreatic inflammation. 58, 77, 78 Third, the latter possibility has in fact been established by studies showing that mice deficient in NF-kB/p105, a precursor of p50, are resistant to ceruleininduced pancreatitis as are mice administered low molecular weight-specific inhibitors of NF-kB activation. [79] [80] [81] Finally, the development of pancreatitis can be induced in animals treated with intra-pancreatic ductal retrograde infusion of adenovirus-mediated gene delivery of the NF-kB subunit p65. 82 The relation of NF-kB activation in pancreatitis to aberrant trypsinogen activation has come from studies of an elegant murine model of pancreatitis established by Baumann et al. 83 These authors created transgenic mice that regulate the activation of NF-kB by expression of either a dominant negative (DN) or a constitutive active (CA) form of IKKb under the control of a tetracycline-responsive elastase promoter. Thus, in this model one of these forms of IKKb is overexpressed exclusively in acinar cells when the mouse is administered tetracycline and this, in turn, leads to either suppressed or activated NF-kB signaling depending on whether DN-IKKb and CA-IKKb is being overexpressed, respectively. 83 Using these transgenic mice, Baumann et al. showed first that expression of CA-IKKb in acinar cells leads to spontaneous development of severe pancreatitis, as was the case in the aforementioned studies of intra-ductal adenovirus administration of p65, whereas in contrast, the expression of DN-IKKb in acinar cells suppresses cerulein-induced pancreatitis. Furthermore, they showed that overexpression of either DN-IKKb or CA-IKKb had no significant effect on cerulein-induced acinar cell trypsinogen activation. Taken together, these studies indicate that NF-kB activation in acinar cells is indispensable for the development of pancreatitis and that CCKR-mediated trypsinogen activation cannot induce pancreatitis in the absence of such activation.
The above studies showing the importance of NF-kB activation in the pathogenesis of pancreatitis do not address the question of whether trypsinogen activation and NF-kB activation are interrelated or independent events. Several reports show that one of the signaling outcomes of CCKR over- stimulation is the activation of NF-kB via a PKC pathway 84 or a phosphatidylinositol 3-kinase (PI3K) pathway 85 and that pharmacological inhibitors of PKC or PI3K block CCKR induction of NF-kB in pancreatic acinar cells. In addition, blockade of intracellular Ca þ þ influx by a chelator also inhibits NF-kB induction owing to the fact that PKC-mediated NF-kB activation in this model requires such influx. 18, 73, 74, 84, 86 These findings, however, do not necessarily imply that the other major outcome of CCKR stimulation, trypsinogen activation and trypsin expression, results in NF-kB activation. That it does not was nicely shown by the fact that acinar cell expression of an intracellular mutant trypsinogen subject to conversion to intracellular trypsin by an endogenous protease did not induce NF-kB activation. 87, 88 Thus, the conclusion that can be drawn from these various studies is that whereas CCKR overstimulation does indeed induce both NF-kB activation and trypsinogen activation, these two events are independent. 73 An additional aspect relating to the outcome of CCKR signaling is that the induction of NF-kB activation is accompanied by the induction of TNF-a production. As discussed below, this important attribute of CCKR signaling plays into the mechanism of acinar cell damage mediated by infiltrating macrophages.
If indeed CCKR over-stimulation leads to NF-kB activation and the latter is sufficient for the development of pancreatitis as implied by the Bauman et al., studies discussed above, why is it that high-dose administration of cerulein is not in itself capable of inducing acute pancreatitis in mice subjected to bowel sterilization and are not able to develop either acute or chronic pancreatitis in the absence of NOD1? A possible answer to this important question came from signaling studies obtained from mice subjected to the low-dose cerulein-induced pancreatitis developed by Tsuji et al. alluded to above in which the pancreatitis had been induced by administration of a low dose of cerulein together with a NOD1 ligand, neither of which is able to induce pancreatitis when administered alone. 58, 67 The acinar cells from the pancreatitis in these mice were attractive targets of signaling studies because they suggested that whereas neither low-dose cerulein nor NOD1 ligand can induce a sufficient amount of NF-kB to support pancreatitis when administered alone these stimuli can do so when administered together.
In the relevant studies, it was found that administration of a low dose of cerulein alone resulted in acinar cell PKC activation followed by the interaction between PKC and TGF-b-activated kinase (TAK1). 58 However, such TAK1 activation was not sufficient for induction of NF-kB. On a separate track, administration of NOD1 ligand alone activated acinar cell receptor-interacting serine-threonine kinase (RICK), its immediate downstream signaling partner, but such RICK activation was again not itself sufficient for the activation of NFkB. In contrast, simultaneous activation of CCKR and NOD1 by a low dose of cerulein and NOD1 ligand led to interaction between RICK and TAK1 as well as substantial activation of NF-kB. 58 These findings thus implied that cerulein signaling via CCKR and NOD1 activation acts in a cooperative fashion to induce NF-kB during the induction of pancreatitis. With respect to the fact that high-dose cerulein administration cannot induce pancreatitis in the absence of NOD1 signaling, the above results are most consistent with the view that despite in vitro studies showing that CCKR over-stimulation can give rise of NF-kB activation, such stimulation is, in reality, an inadequate inducer of pancreatitis in the absence of NOD1 stimulation. On the other hand, it can give rise to a sufficient initial acinar cell DAMPs response and induction of cytokines that cause changes in bowel permeability and entry of NOD1-stimulating microflora. Finally, it is important to point out that, as discussed below, NOD1 signaling is essential to the development of pancreatitis by mechanisms that involve NF-kB and signal tranducer and activator of transcription 3 (STAT3) signaling; it is therefore reasonable to postulate that even if CCKR over-stimulation is sufficient to cause NF-kB activation by itself, such activation alone is not sufficient for the development of pancreatitis.
NF-KB/STAT3-MEDIATED MCP-1 INDUCTION AND MACROPHAGE INVASION IN PANCREATITIS
Activation of NF-kB in cerulein-induced pancreatitis by the mechanisms discussed above is an essential component of the mechanisms of inflammation driving this disease (Figure 2) . One of the most important of these mechanisms (to which we will now turn our attention) is that underlying the induction of CCL2 (MCP-1), a chemokine necessary for the influx of inflammatory macrophages into the pancreas.
In studies of low-dose cerulein pancreatitis addressing this issue, it was found that NOD1 stimulation by its ligand FK156, in combination with low-dose cerulein administration induces MCP-1 as well as IL-6 production and, as before, such NOD1 stimulation mimics the effect of IP administration of commensal bacteria (e.g., ECLACZ). 58 In addition, NOD1/ low-dose cerulein administration causes the pancreatic infiltration of large numbers of CD11b þ myeloid cells bearing C-C chemokine receptor type 2 (CCR2). This was in accord with previous studies that have shown that MCP-1 has a role in the macrophage-dependent inflammatory response characterizing pancreatitis. 89 In further studies of the low-dose cerulein pancreatitis model it was shown that CCR2-deficient mice exhibit decreased evidence of pancreatitis along with decreased infiltration of CD11b þ macrophages. 58 In addition, studies of bone marrow chimeras allowed one to establish that NOD1-bearing non-hematopoietic cells (i.e., acinar cells) were necessary for the development of pancreatitis as well as the induction of MCP-1 in this model. Finally, studies of isolated pancreatic acinar cells from untreated mice showed that NOD1 stimulation was sufficient to induce substantial amounts of MCP-1 secretion but that the latter was augmented by low-dose cerulein stimulation. Together, these studies established that MCP-1 production is an essential initial step in the induction of cerulein-induced pancreatitis and that such production is dependent on NOD1/cerulein stimulation of acinar cells.
The above findings set the stage for studies defining the signaling pathways underlying MCP-1 induction. In initial studies along these lines the findings of Deshmane et al. 90 showing that STAT3 and NF-kB activation underlies induction of MCP-1 were verified with studies showing that expression of phospho-STAT3 (pSTAT3) and phospho-IkBa (pIkBa) was present in the pancreas of NOD1-intact mice treated with NOD1 ligand/low-dose cerulein but was not seen in the pancreas of NOD1-deficient mice. In addition, these findings were confirmed by studies of bone marrow chimeras either expressing NOD1 or not expressing NOD1 in acinar cells. 58 Finally, the role of STAT3 and NF-kB in MCP-1 induction was explored with specific inhibitors of these factors. It was found that administration of JSI-124, a specific inhibitor of STAT3 in combination with IMD-0354, a NF-kB inhibitor led to complete prevention of low-dose cerulein pancreatitis and MCP-1 production. It was thus evident that MCP-1 production was dependent on signaling mediated by both STAT3 and NF-kB.
In further exploration of MCP-1 induction in low-dose cerulein-induced pancreatitis the mechanism of STAT3 activation in this model was examined. As mentioned above, one outcome of NOD1/low-dose cerulein administration to mice was pancreatic production of IL-6, a cytokine known to induce STAT3 activation and, therefore, potentially involved in MCP-1 production. That this was in fact the case was established with studies showing that MCP-1 production by NOD1/low-dose cerulein stimulated acinar cells was partially blocked by the neutralization of the IL-6 signaling pathway. 58 A second potential mechanism of STAT3 activation in this model was suggested by the fact that NOD1 was known to have the unique ability to induce type I IFN, a factor that causes STAT3 (as well as STAT1) activation. 58 Such induction of type I IFN by NOD1 had been shown to be due to its ability to activate a multistep signaling pathway involving first the activation of interferon regulatory factor 7 (IRF7) and second the priming of the IFN-stimulated gene factor 3 pathway (ISGF3) by IRF7-induced type I IFN via the IFNabR (IFNAR). 71 Indeed, it could be shown that pancreatitis in the NOD1/low-dose cerulein model was attenuated in mice lacking IFNAR and this was associated with both reduced STAT3 and MCP-1 expression. It should be noted that low-dose cerulein also induces STAT3 via CCKR-activation of janus activating kinase 2, 91 so that both NOD1 and cerulein signaling again act cooperatively to induce STAT3 activation, albeit by a different mechanism than that governing NF-kB induction.
Taken together, these various studies established that STAT3 activation in low-dose cerulein pancreatitis (and by extension in pancreatitis in general) is a complex process involving both IL-6 induction mainly due to NF-kB activation and type I IFN production mainly due to NOD1 activation. Although the essential outline of the signaling pathways have been defined in the acute model of low-dose cerulein pancreatitis, similar pathways probably apply to the chronic model of cerulein pancreatitis wherein low-dose cerulein and NOD1 ligand is administered for a more prolonged period. 67 This is evident from the fact that mice deficient in IFNAR are resistant to the development of chronic pancreatitis. Finally, it is important to point out that whereas STAT3 activation has a central role in pancreatitis development in relation to induction of MCP-1 and inflammatory macrophage infiltration it also has a role in the inflammation via its involvement of cytokines that contribute to the inflammation such as type I IFN and IL-6. 67 As discussed above, there is compelling evidence that activation of NF-kB and STAT3 in acinar cells is a central event for the development of experimental (murine) pancreatitis. However, our knowledge regarding the activation status of these transcription factors in human pancreatitis is very limited and somewhat paradoxical. Analysis of the status of NF-kB and STAT3 in the peripheral blood cells but not the pancreatic tissue of pancreatitis patients, provided unexpected evidence that activation of NF-kB, STAT1, and STAT3 is reduced in acute pancreatitis patients as compared with those from healthy controls. [92] [93] [94] The molecular mechanisms accounting for such reduced activation are not fully understood, but could involve tolerogenic responses to MAMPs expressed by translocated intestinal organisms. Thus, tolerance to MAMPs may be one possible mechanism accounting for reduced innate immune responses to the same or other MAMPs in pancreatitis. 95 
THE ROLE OF TYPE I IFN IN PANCREATITIS
Mice deficient in IFNAR and thus unable to signal via type I IFN are resistant to both the development of acute low-dose cerulein-induced pancreatitis (as already mentioned) as well as chronic low-dose cerulein-induced pancreatitis 58, 67 ( Figure 2 ). Although this is partly explained by its role in the induction of STAT3 and MCP-1 in acinar cells, it also is due to various effects of this cytokine on macrophage effector function. The role of type I IFN in macrophage effector function is immediately evident from studies showing recruitment and maturation of the Ly6 hi monocytes is uniquely dependent on type I IFN induction of CCR2 expression, which, as noted above, is the receptor for MCP-1. 96 Thus, type I IFN is responsible for both the receptor and ligand aspects of the chemotaxis mediating macrophage infiltration of the pancreas.
Yet another role of type I IFN in relation to macrophage effector function in pancreatitis relates to evidence that it induces macrophage TNF-a production. As noted in the discussion above, myeloid cells in cerulein-induced pancreatitis cause necroptotic acinar cell death via production of TNF-a. Evidence that type I IFN is involved in such production came from studies of pancreatic cells extracted from mice with chronic cerulein-induced pancreatitis wherein it was observed that pancreatic acinar cells co-cultured with pancreatic CD11b þ macrophages release greatly increased amounts of IL-33, a cytokine associated with acinar cell death (see discussion below) and that such IL-33 release is inhibited by anti-IFNAR Ab (presumably blocking type I IFN stimulation of the macrophages) or anti-TNF-a Ab (presumably blocking TNF-a stimulation of acinar cells). 67 The capacity of type I IFN to induce macrophage TNF-a production is supported by a prior study by Mancuso et al. 97 showing that such production induced by live bacteria is mediated by type I IFN signaling.
PRO-INFLAMMATORY CYTOKINE ACTIVITY IN PANCREATITIS ARISING FROM INNATE IMMUNE RESPONSES
The basic picture of pancreatitis pathogenesis suggested above is that acinar cell damage initiated by various causes of dysregulated trypsinogen activation leads to the release of DAMPs that then react with PRRs on antigen-presenting cells (APCs) to cause the generation of cytokines that induce a change in bowel wall permeability (Figure 2) . This, in turn, leads to the entry of commensal organism into the circulation and the activation of NOD1 (and possibly TLR4 as well) that, in concert with CCKR signaling causes activation of NF-kB, a type I IFN response and ongoing pro-inflammatory cytokine elaboration by PRR-expressing (but as yet poorly defined) APCs responsive to DAMPs and MAMPs. 35, 42, 63 Consistent with this scenario, patients with acute pancreatitis exhibit elevated serum levels of various pro-inflammatory cytokines such as IL-6, IL-1b, and TNF-a, [98] [99] [100] and elevated serum levels of various chemokines such as IL-8, MCP-1, and macrophage migration inhibitory factor, which presumably arise from activated cells in the pancreas. [100] [101] [102] These ''generic'' pro-inflammatory factors drive (or aggravate) the pancreatic inflammation in various specific and/or nonspecific ways. For instance, IL-6, one of the prototypical inflammatory cytokines, may enhance inflammation by its role in the generation of pathological T helper type 17 (Th17) cells or, as discussed above, its contribution to the induction of MCP-1 and the entry of inflammatory macrophages into the pancreas. In any case, it has been shown that administration of anti-IL-6 Ab to mice with pancreatitis induced by cerulein and LPS leads to marked attenuation of the pancreatitis as well as accompanying pulmonary inflammation. 103 It should be noted, however, that IL-6 can have anti-inflammatory effects as well. This is shown by the fact that mice genetically deficient in IL-6 exhibit more severe cerulein-induced pancreatitis as compared with IL-6-intact mice. 104 This contrary finding may be due to the fact that a genetic deletion of IL-6 leads to profound disruption of pro-inflammatory machinery necessary for pancreas homeostasis, than does-acute administration of anti-IL-6 Ab.
IL-1b is a second prototypic pro-inflammatory cytokine associated with the pathogenesis of human acute pancreatitis. 98 This cytokine could be mediating pancreatic inflammation in multiple ways including its ability to induce neutrophil infiltration into sites of inflammation and its more general effect on the induction of other pro-inflammatory cytokines and chemokines. 36 Interestingly, there is evidence that a precursor form of this cytokine is induced by DAMPs acting via TLR9, suggesting that IL-1b may have a role in the induction of enhanced gut permeability to commensal organisms. 41 The precursor form of IL-1b is converted into an active form via the NLRP3 inflammasome and thus mice deficient in NLRP3 inflammasome component are resistant to the induction of cerulein-induced pancreatitis. 41, 62 Moreover, attenuation of experimental pancreatitis in the absence of TLR9 is accompanied by the presence of pancreatic APCs with impaired production of IL-1b as well as pro-IL-1b, suggesting that IL-1b has an autocrine effect on its own synthesis. 41 TNF-a is a third prototypic pro-inflammatory cytokine involved in pancreatitis pathogenesis and one that appears to have a central role in experimental pancreatitis. As discussed above, this cytokine is induced in pancreatic APCs and is therefore a prime suspect for causing the initial injury to acinar cells occurring in response to excessive CCKR stimulation. This possibility has recently been supported by Sendler et al. 105 who showed that stimulation of pancreatic acinar cells by TNF-a causes direct activation of pancreatic enzymes and thus leads to premature protease activation and cell necrosis. Type I IFN may also have an important pathological role by its ability to induce CCR2, the chemokine receptor attracting pro-inflammatory macrophages expressing TNF-a into the pancreas, as already discussed above. These macrophages are cellular source of TNF-a in the inflamed pancreas of cerulein-induced pancreatitis 106, 107 and, as also discussed above, may be the important driver of sustained acinar cell necroptosis. These various ways in which TNF-a acts to facilitate pancreatic inflammation provide ample explanation for the fact that the administration of infliximab (monoclonal TNF-a antibody) ameliorates cerulein-induced pancreatic inflammation. 106 Thus, it is clear that TNF-a has a critical role in the development of experimental pancreatitis. However, confirmation that this cytokine has an equally important role in human pancreatitis awaits the studies of human cells obtained from the inflamed pancreas as well as studies addressing the therapeutic effect of infliximab (anti-TNF-a Ab) administration to patients.
Recently it has become evident that yet another proinflammatory cytokine, IL-33, is an essential element in the pathogenesis of pancreatitis. IL-33 is an ''alarmin'' cytokine released from dying cells. 108 Therefore, it is not surprising that serum levels of IL-33 are elevated in patients with severe acute pancreatitis, a condition associated with massive pancreatic acinar cell death. 109 The role of IL-33 in pancreatitis was extensively analyzed in studies of the chronic model of pancreatitis described by Watanabe et al., 67 in which, as discussed above, chronic pancreatitis is induced by repeated administration of NOD1 ligand and a low dose of cerulein. This model was of particular relevance for the study of IL-33 because it is marked by the development of fibrosis, a feature of chronic pancreatitis that is driven by IL-33.
The important finding that emerged from these studies was that blocking of IL-33 activity by administration of antibody neutralizing the IL-33 receptor (ST2) to mice subjected to the chronic pancreatitis regimen led to reduction in pancreatic infiltration of immune cells and fibrosis accompanied by decreased pancreatic expression of both pro-inflammatory mediators such as IL-6, TNF-a, and MCP-1 and pro-fibrogenic mediators such as IL-13 and TGF-b1. 67 It was thus apparent that IL-33 production has a major role in the pathogenesis of chronic pancreatitis.
In further studies of IL-33 using this model, the source of the IL-33 was probed with bone marrow transplantation studies, wherein it was found that induction of chronic pancreatitis was accompanied by IL-33 expression in irradiated NOD1-intact mice transplanted with NOD1-deficient BM cells, but not in irradiated NOD1-deficient mice transplanted with NOD1-intact BM cells; thus, these studies suggested that NOD1 stimulation of non-hematopoietic cells, most likely pancreatic acinar cells were the probable source of the IL-33. 67 In related studies it was found that such acinar cell IL-33 production required the presence of intact type I IFN signaling since mice deficient in IFNAR exhibited a marked decrease in such production as well as resistance to the development of chronic pancreatitis. 67 This correlates with the fact that, as described above, type I IFN induces TNF-a production by infiltrating macrophages and, in addition co-culture of acinar cells with TNF-a-producing CD11b þ APCs obtained from inflamed pancreatic tissue is associated with enhanced IL-33 production. Overall, these findings are compatible with the view that pathological macrophages producing TNF-a under the influence of type I IFN induce acinar cell death and release of IL-33. Then, as suggested by studies conducted by Kempuraj et al., 110 such IL-33 release induces production of pro-inflammatory cytokines by intact acinar cells.
Also relevant to the role of IL-33 in pancreatitis is the recent finding by Xue et al. 111 that alternatively activated M2 macrophages are numerous in chronic pancreatitis in humans and mice with chronic cerulein-induced pancreatitis. Such M2-macrophages bear surface IL-4Ra and are induced by IL-4 and IL-13; they are thus likely to be regulated by IL-33 since the latter induces T cells producing IL-13 via the ST2 receptor (see discussion below). These M2-macrophages also produce IL-10 and TGF-b, the latter a cytokine that may act (in concert with other cytokines) on pancreatic stellate cells that contribute to pancreatic fibrosis via production of extracellular matrix proteins. 111, 112 The importance of these cells in chronic pancreatitis was shown by the fact that pharmacological inhibition of IL-4 and IL-13 by a blocking peptide led to reduced fibrosis in the cerulein-induced chronic pancreatitis model.
Finally, it should be noted that the above rather definitive studies showing that IL-33 is a major mediator of pancreatitis are opposed by data from several studies showing that under some condition the IL-33-ST2 signaling pathway has a protective role in that mice lacking expression of the ST2 receptor develop enhance pancreatitis. 113, 114 Thus, additional study of IL-33 effects in pancreatitis is warranted.
PRO-INFLAMMATORY CYTOKINE ACTIVITY IN PANCREATITIS ARISING FROM ADAPTIVE IMMUNE RESPONSES
Adaptive immune responses comprised mainly of T-cell responses to specific antigens also contribute to the pathogenesis of pancreatitis ( Figure 2) . As in the case of human colitis or murine experimental colitis models these can consist of either excessive effector Th cell function or deficient regulatory T-cell (Treg) function. 115, 116 Several studies of pancreatitis in humans suggest the involvement of Th1 responses in that peripheral blood cells obtained from patients with acute and chronic pancreatitis produce large amounts of prototypical Th1 cytokines, IFN-g and IL-12, and serum levels of IFN-g in such patients are significantly higher than those in healthy controls. [117] [118] [119] This evidence that pancreatitis is associated with a Th1 response is verified by the presence of T cells producing IFN-g in necrotic pancreatic tissue from patients with acute pancreatitis. In contrast to the above human studies, IFN-g has a protective rather than a pathogenic role in cerulein-induced acute pancreatitis since in this case IFN-g-deficient mice exhibit increased cerulein-induced pancreatic injury and NF-kB activation is suppressed by IFN-g. 120 Given the fact that a pathological Th17 response is suppressed by IFN-g through downregulation of IL-23 receptor, 121, 122 this protective role of the Th1 response in experimental pancreatitis might be due to the suppression of a pathogenic Th17 response. Compatible to this idea, recent reports support the possible involvement of IL-17 in human acute pancreatitis. 123, 124 In any case, the reason that human and mouse studies regarding Th1 responses are discrepant is unknown.
Studies of experimental models of chronic pancreatitis suggest that Th2 responses also contribute to the pathogenesis of pancreatitis. The most compelling data in this regard comes from the aforementioned study of chronic pancreatitis induced by repeated administration of NOD1 ligand and low-dose cerulein conducted by Watanabe et al. 67 These authors provided evidence that IL-33 produced by acinar cells acting via the ST2 receptor induces the production of IL-13 and the latter then induces fibrosis via induction of fibrogenic factors such as TGF-b1. This is supported by the fact that neutralization of IL-13 by the administration of anti-IL-13 Ab prevented the development of fibrosis but not inflammation in the chronic pancreatitis model, whereas inhibition of IL-33 by administration of anti-ST2 Ab (as noted above) prevented both fibrosis and inflammation. The source of the IL-13 was mainly Th2 cells since pancreatic CD4 þ T cells isolated from mice with chronic pancreatitis produce large amounts of IL-13. However, it is possible that type 2 innate lymphoid cells (ILC2) stimulated by IL-33 also contribute to the IL-13 production, but this seems unlikely in view of the fact that Rag1-deficient mice do not develop IL-13-medaited fibrosis in the chronic pancreatitis model. 67 Xue et al. 111 have suggested that pancreatic stellate cells are a source of IL-13, but this is again unlikely, since staining studies indicate that cells with stellate cell markers are not congruent with cells producing IL-13. 67 As noted above, IL-13 induction of M2-macrophages may be an important mechanism of IL-13 induction of fibrosis inasmuch as these cells produce TGF-b1 and other factors that have direct effects on fibrosis induction and indirect effects via stimulation of pancreatic stellate cells. The latter is supported by the fact that neutralization of IL-13 in the chronic pancreatitis model reduces the number of stellate cells. 67, 111 Recent studies by Ochi et al. 125 have delineated TLR4 signaling pathways that favor APC induction of chronic pancreatitis and/or pancreatitis-associated pancreatic cancer. They have provided evidence that dendritic cells responding to pancreatic antigens support Th2 responses in the absence of the myeloid differentiation primary response gene 88 (MyD88) signaling and that these cells support both pancreatitis and pancreatitis-associated cancer development via TIR-domaincontaining adapter-inducing interferon-b (TRIF) signaling. It remains to be seen how activation of these alternative signaling pathways relate to various type of cytokine secretion such as IL-33 secretion.
The clinical course of chronic pancreatitis in humans is composed of acute exacerbation phases and stable quiescent phases. 2 It is likely that the latter (stable) phases are due to immunosuppressive responses mediated by Tregs with the capacity to suppress pathogenic adaptive immune responses. Indeed it has been shown that Tregs are present in human chronic pancreatic lesions and mediate suppressor effects via their production of IL-10. 126 These findings in humans are supported by studies of murine models of pancreatitis in that the severity of cerulein-induced acute pancreatitis and the production of TNF-a was shown to be increased following neutralization of endogenous IL-10. 127 In addition, Demols et al. 128 report that IL-10 deficiency promotes pancreas fibrosis induced by chronic cerulein challenge and that this fibrogenic response is accompanied by elevated expression of intrapancreatic TGF-b1. It should be noted, however, that in these mouse studies the cellular source of the IL-10 was not identified and is not yet clear that IL-10 production by regulatory T cells is the only mechanism mediating the quiescent state in chronic pancreatitis.
CONCLUSION
In this review, we have summarized the complex chain of events that are responsible for the development of acute and chronic pancreatitis. It is now evident that whereas dysregulation of intra-acinar regulation of proteolytic enzymes are the initial spark that ignites the pancreatic inflammatory process, activation of innate immune responses stimulated by translocated commensal organisms is an indispensible element in sustaining and widening the inflammation. Of considerable interest, an unexpected and essential component of that innate response is the stimulation of NOD1 responses in acinar cells and through such stimulation the enhancement of essential pro-inflammatory signaling leading to the activation of NF-kB or the de novo production of type I IFN. Finally, a somewhat unique feature of pancreatic inflammation, especially chronic inflammation is the release of IL-33 from damaged acinar cells and thereby the initiation of a pro-fibrotic program mediated by T-cell production of IL-13 and other downstream fibrogenic mediators. It is hoped that this new understanding of pancreatitis will lead to innovative new approaches to its treatment.
